The quest to create material systems with novel electronic states has led in many cases to the investigation of interfaces. The potential of merging different 2D materials via vertical or horizontal stacking to create van der Waals or lateral heterostructures seems limitless. Here we demonstrate an alternative approach to create 2D heterostructure superlattices. By periodically modulating extreme (>10%) strain in graphene sheets we effectively convert a continuous graphene sheet into a periodic array of lateral heterojunctions. Periodic strain modulation is achieved by draping the graphene sheet over copper step edges and forming nanoscale ripples analogous to those formed in a sheet of fabric pulled taut at its edges. This nanoscale strain modulation creates a periodic array of shorter C-C bond (dense) and longer C-C bond (rare) regions that essentially behave like two different materials. Akin to traditional superlattices, where novel electronic states are created at the interfaces, we find electronic states corresponding to intense interfacial pseudo-gauge fields on the order of 100 T and 10 7 V/m. We study these states by scanning tunneling microscopy, spectroscopy and atomistic first principle and model Hamiltonian calculations.
Due to its high electronic mobility, optical transparency, mechanical strength and flexibility, graphene is attractive for electronic applications (1, 2) . In this context, different techniques for the manipulation of its electronic properties have been the focus of intense research for the past decade. For example, introducing dopants to the graphene lattice can alter local electronic properties (3) (4) (5) , while stacking with other 2D materials, either vertically to create Van der Waals heterostructures or in-plane to create lateral heterostructures, can lead to the emergence of novel interfacial states (6) (7) (8) (9) (10) . In the past several years, graphene superlattices have been found to host exotic electronic states like unconventional superconductivity (11) , and non-trivial topological states (12) , shown signatures of Hofstadter butterflies (13) (14) (15) (16) and demonstrated electronic properties which can be modulated by dynamically twisting layers with respect to one another (17) .
Graphene has also been shown to sustain a much larger mechanical deformation (18, 19) than conventional semiconductors, making it an ideal candidate for strain engineering. The application of stress can be efficiently utilized to modulate graphene's electronic properties through the generation of pseudo-gauge fields (20) (21) (22) (23) . Previous studies of strained graphene have reported the emergence of these pseudo-gauge fields in non-uniform structures like nanobubbles (24) and wrinkles (25) (26) (27) . In contrast, here we produce and investigate a more regular strain profile in a graphene sheet, making it more amenable for thorough theoretical and experimental explorations.
To engineer such a system, we use low pressure chemical vapor deposition (LPCVD) to grow graphene on electropolished Cu foils at 1020°C (See Supplementary Sec. 1). Previous studies (28) revealed that such high temperatures result in the formation of large Cu steps separated by relatively flat terraces (Fig. 1a) . Interestingly, we find that graphene sheets grown by this method form continuous films that are pinned on the flat terraces and drape over the large (up to ~35 nm high) step edges. Upon cooling the sample slowly to 77K, the draped graphene experiences tensile and shear stresses as it gets pulled by the contact forces of the terraces. This leads to periodic arrays of ripples-as imaged by STM (Fig. 1a and c ) and qualitatively rendered in Fig. 1b .
To investigate the electronic properties of these strain enabled modulated superlattices (STREMS) we take differential conductance spectra, representative of the local electronic density of states (LDOS), away from and on top of the ripples (at points A and B in Fig. 1c respectively) . As shown in Fig. 2a , while spectra taken on the terraces (black curve) display the familiar Vshaped Dirac cone (29) , those taken on STREMS (blue curve) reveal a series of peaks. Treating the terrace spectrum as a background, we subtract to determine the strain-induced spectral modification (red curve). The fact that the strain-induced peaks are confined to the STREMS may be seen in a line-cut (series of spectra) across it (along the red arrow profile of Fig. 1c) . We plot twenty seven background-subtracted spectra taken climbing the step edge, along with the height at which they were obtained ( Fig. 2c and b respectively) , to find that the LDOS peaks appear only in those from the draped and rippled region (#8-19). Interestingly, these peaks are equally spaced in energy, scaling as ∝ (Fig. 2d) . In addition to this energy dependence of the peaks, we also find a spatially-periodic modulation of their amplitude, as shown in a line-cut along the STREMS (Fig. 1c, blue arrow) . In Fig. 3a we show that the amplitude of the LDOS peaks (red curve) is closely tied to the z-height profile (black curve), peaking at the ripple crests and troughs.
We first note that these LDOS peaks, we first note that they are remarkably similar to those found in a variety of previous STM measurements of non-flat (e.g. wrinkled or bubbled) graphene (24, 26, 30, 31) , and associated with Landau levels arising from strain-induced uniform pseudomagnetic fields. . However, unlike our observed linear scaling, the energies of those peaks were reported to scale as ∝ √ . To clarify the origin of these LDOS peaks and their properties, atomistic calculations based on a pz tight-binding Hamiltonian were performed. In particular, a simple model with only the first nearest neighbor couplings was employed
where the hopping energies tnm are determined as a function of the C-C bond length rnm (32):
with t0 = -2.6 eV and r0 = 1.42 Å. The decay rate β was adjusted to 4.5 by fitting first-principles calculations, while a decay rate value of 3.37 is usually used in flat graphene systems with inplane deformations only (32) . See Supplementary sec. 3 for more details about the calculations.
To mimic the mechanical deformations of the atomically thin sheet, a simple strain profile with out-of-plane displacement fields ℎ( ) = ℎ 0 �2 � , with λ being the ripple wavelength, is used to form periodic ripples along the y axis (Fig.3b) . In addition, curvature in the draped zone also results in in-plane displacements, which can be modeled by ( ) = 0 �4 �. Although these simple models do not exactly reproduce the triangular ripples observed experimentally, varying these two displacement fields allows us to investigate various deformation situations and hence to clarify the effect of strain fields on the electronic properties of rippled graphene. Indeed, for a given displacement profile ℎ( ) + ( ), when u0 is sufficiently small (or zero), a strain profile is obtained with small C-C bond lengths at the ripple crests and troughs, and larger C-C bond lengths in the regions in between, while for larger u0, the opposite situation may occur.
The simulated results obtained in the two situations discussed above (without and with inplane displacement) are presented in Figs. 3c and 3d, respectively. While both models yield LDOS peaks, the spatial dependence of the amplitudes of those peaks is model dependent. In the first, higher amplitude peaks occur at the middle of the ripples (Fig. 3c) , while in the second they occur at the crests and troughs (Fig. 3d) . The latter is consistent with our measurements (Fig. 3a) . Thus in-plane displacement must to be included ( ( ) ≠ 0) implying that both displacement fields ℎ( ) + ( ) concurrently occur and play a major role in the electronic properties of rippled graphene. Finally, the LDOS is characterized by a series of almost equidistant peaks with a peak spacing ~80 meV, consistent with the experimentally observed 69(3) meV.
It has been shown that the effects of any strain field in graphene can be modeled by pseudomagnetic and electric fields (20, 30, 33) , with the corresponding pseudo-vector ⃗ and scalar potentials can be determined in the continuous approximation as a function of the strain tensor ( ⃗) (22, 34, 35) :
where ≡ In STREMS, the periodic nature of the displacement profile and hence implies the existence of spatially periodic pseudo magnetic and electric fields. To check that this accurately describes the electronic properties of our system, we not only use the strained tight-binding model described above, but also create an effective model of unstrained flat graphene with a tight binding Hamiltonian, pseudomagnetic field �⃗ = �4 � ⃗ and potential energy = �4 �. LDOS maps from these two models are displayed in Fig. 4a and b respectively.
The result obtained by an unstrained model ( Fig. 4b ) including the combination effects of spatially varying (E, B) fields is in good agreement with that obtained in the periodically strained system discussed above and presented in Fig. 4a . This implies that both pseudo magnetic and electric fields are induced by the corresponding strain field. For a more detailed explanation for the requirement of pseudo electric fields in addition to pseudo magnetic fields, and to explain the spatial variation of the observed spectra, see Supplementary sec. 4.
With this information we now have a complete picture of the STREMS, rendered qualitatively in Fig. 5 . A spatially varying strain profile modulates the C-C bonds in graphene, effectively creating a superlattice of regions which are locally dense (purple) and rare (gold) (Fig.  5a ). Pseudopotentials arise from this strain, and their associated pseudo-fields (Fig. 5b) , which are spatial derivatives of the potentials, become large in the presence of strain gradients -which are maximized at the interface between dense and rare regions. This is analogous to traditional superlattices, where novel electronic states arise at the interfaces. For rippled graphene, these interfacial states are describable by pseudo B and E fields. From tight-binding calculations, we find that pseudo-magnetic fields of 100T are required to match the experimental data. Such intense fields are created by extreme strain magnitudes, measuring over 10%, as estimated by firstprinciples calculations (Supplementary sec. 3) and measured by imaging the graphene lattice directly (Supplementary sec. 5).
Note that the observation of equally spaced peaks in the LDOS corresponds to a quasiquantization ∝ , in contrast to the well-known ∝ √ scaling observed when Landau levels arise from spatially uniform magnetic fields in graphene (24, 26, 30, 31, 36) . This linearity is an effect of having spatially periodic pseudo-magnetic fields (37) . In particular, as rendered in Fig. 5b , alternating zones of oppositely directed pseudo-magnetic fields should lead to the formation of valley polarized edge states (22, (37) (38) (39) . Interaction between these edge states essentially alters the observed quantization picture compared to uniform field situation. These edge states can have snake-like trajectories (40) due to the valley dependent pseudomagnetic field directions (41) (42) (43) , and are a potential candidate for studying valley-transport phenomena.
In addition to the observed phenomena, many other theoretical proposals, including valley filters and electron optics in graphene require localized magnetic barriers (44) (45) (46) (47) (48) (49) (50) (51) (52) . Such longstanding proposals have largely remained experimentally unrealized as they require magnetic field profiles that are simultaneously sufficiently strong and inhomogeneous at a length scale smaller than the electronic mean free path. Though the laws of electromagnetism do not forbid the existence of such fields, they are difficult to generate in practice as strong magnetic fields created by large magnets are homogeneous at the length scale of most samples, while only weak inhomogeneous fields can be applied, for example by local magnetic strips. With our realization of pseudo-fields which are simultaneously intense (~ 100 T) and modulated on short length scales (~few nm), we can finally begin to realize these proposals not only in graphene but in a wide variety of 2D materials which should also support STREMS and where strain is known to significantly influence electronic properties (23, (53) (54) (55) (56) . The intensity of these inhomogeneous pseudo-fields should make realization of these proposals possible even at room temperatures (24) . Fig. 1c) shows that peaks in the background subtracted spectra (c) only appear in the draped region (labelled #8-19, colored red). All these peaks are equally spaced, as shown in (d), plotted for the peaks in spectrum shown in (a), with slope = 67.83(5) meV/peak. For the twelve such spectra in (c), the average slope of energy vs. index plots is 69(3) meV/peak. See Supplementary sec. 6 for linear fits to all spectra taken on the draped region. All spectra are obtained using standard lock-in techniques, with 13mV bias modulation at ~971 Hz. Fig. 1c) . The LDOS amplitudes are higher at the crests and troughs of the ripples, as observed experimentally (Fig. 3a) . The simulation also captures the feature of having higher LDOS weight at large negative biases, as observed in Fig. 2a .
Figure 5. Artistic rendition of STREMS. (a)
The strain associated with rippling creates rare (gold) and dense (purple) regions in the graphene, effectively acting as two different materials in a superlattice. (b) Pseudo-fields form near the interfaces of these "materials," both electric (pink arrows) and magnetic (red/blue regions indicating the ±� field direction for pseudospin up electrons). LDOS peaks are maximized at the ripple crests and troughs, where valley polarized snake states (white curved lines) are also expected to form due to the reversal of the pseudospin dependent pseudo-magnetic fields across these lines.
Figure S1
Raman spectrum shows the 2D nature of the graphene sheet (58, 59) .
S2: Other possible origins of LDOS peaks
Electrons in graphene can be confined by strain (60, 61) , and so it is important to consider whether the LDOS peaks we observe are effects of electrons trapped in a confining potential due to strain barriers created by ripple crests and troughs. Pseudo-electric barriers due to charge redistributions should be ineffective in confining electrons impinging perpendicularly on them due to Klein tunneling (62) . Pseudo-magnetic barriers, if strong enough can confine electrons in such a case (51) , and such a hypothesis can be tested directly by taking spectra on regions with different ripple wavelengths. We expect the energy spacing between LDOS peaks to be reduced as the width of the confining potential is increased. In Fig. S2 , we plot the spectra taken on two regions with crest-to-trough distance of 11.2 nm (red) and 7.6 nm (black) taken on the same step edge. The energy spacing for both are almost same, in contrast to confinement effects (63) .
In general, the energy spacing should be a function of the wavelength λ, maximum out-ofplane displacement ℎ 0 and maximum in-plane stretching 0 . First principle LDOS calculations performed on rippled graphene show that the dependence on wavelength is indeed very weak (Fig.  S2 b, c) , as observed. Thus, while a quantization purely due to electrostatic confinement can create states with energy spacing strongly dependent on the width of the barrier(63), strong spatially varying pseudo-magnetic fields markedly modify this quantization.
These peaks also cannot be defect states as the formation of small single atom defects are energetically favorable (4) but we see these peaks over tens of nanometers in either directions. Also, the peak positions remain unchanged for different tip heights -as would be expected if the defect states got charged. Care was also taken to dispel any adsorbed impurities on the surface by annealing the sample in UHV (See Methods section). 
S3. Modeling methodologies: Tight binding versus DFT Calculations
Calculations based on tight-binding (TB) Hamiltonians have been demonstrated to be the most efficient approach to investigate the electronic properties of graphene systems, especially when their dimension reaches the nanometer regime. A tight-binding Hamiltonian adjusted due to the lattice deformations (32) is also able to compute accurately the effects of strain and to develop the theoretical models for analyzing the strain-induced pseudo-fields in graphene (20, 33, 41, (64) (65) (66) (67) . In particular, a first nearest-neighbor pz-orbitals model,H tb = ∑ t nm ⟨n,m⟩ c n † c m ,with exponential dependence of the hopping energy tnm on the C-C bond length rnm ,t nm = t 0 exp[−β(r nm r 0 ⁄ − 1)],has been validated and widely employed to investigate the electronic properties of strained graphene without and even with small curvature (20, 33, 41) . In the rippled graphene systems considered here, a significant curvature is, however, obtained. Hence, the validity of the presented tight-binding model was re-examined, by fitting to the first-principles calculations. In particular, Density Functional Theory (DFT) calculations implemented in the SIESTA package were performed to compute the electronic band-structure of reasonably small rippled systems and, accordingly, the hopping parameters of the TB Hamiltonian were properly adjusted to agree with the obtained DFT data. The band-structures of rippled graphene systems with λ = 10 nm, h0 = 1.0 nm and u0 = 2.0 Å obtained by both DFT and our adjusted TB calculations are presented in Fig. S3 .To get the best fit between these two calculations, the decay rate β of the TB Hamiltonian has to be adjusted to ~ 4.5 while a value of 3.37 is usually used in flat graphene systems with in-plane deformations only (32) . The value of β ≈ 4.5 corresponds to extreme strain magnitudes in graphene (>10%), which is consistent with direct strain measurements shown in Supplementary sec. 5. The validity of this adjusted TB Hamiltonian is further confirmed by the LDOS maps presented in Figs. S4(a, b) . This TB Hamiltonian was finally employed to investigate the electronic spectra of rippled graphene systems, presented in the main text, with similar sizes as in the experiments. In addition, the ab initio calculations were also used to compute the local charge density presented in Fig. S4c along the ripple of the system studied in Figs. S3b. It is shown that due to its lattice (hence, electronic) inhomogeneity, the charge carriers are redistributed and hence a nonuniform local charge density is observed along the ripple axis. This result essentially explains the necessity of taking into account both pseudo-magnetic and electric fields in the effective calculations, as presented in the main text, to accurately depict the electronic properties of the system.
S4. Observation of pseudo-electric fields
Note that even though both pseudo-magnetic and electric fields can be induced by a strain field, it has been shown that the electric field is generally less pronounced (30, 65, 66, 68) , because of screening effects. As discussed in the previous section, a doping inhomogeneity is actually obtained along the ripple axis, thus implying that the pseudo-electric fields also occur and can play an important role on the electronic properties of the considered rippled systems. This is demonstrated in the main text by comparison between calculations using a strained TB Hamiltonian and an unstrained one with pseudo-fields and is further confirmed by the analysis below.
First, if only the pseudo-magnetic field above occurs, there are two zones of positive fields alternatively with two other zones of negative ones in each periodic unit of rippled graphene. Under the effect of such magnetic fields, opposite edge states are formed inside the zones of opposite fields and accordingly four LDOS peaks (around the interface between these zones) are observed in one periodic unit of rippled graphene, i.e., LDOS is a periodic function along the ripple axis with a periodic length λ/4 as illustrated in Fig.S5a . However, this is not the case observed in experiments and confirmed by calculations using the strained tight-binding Hamiltonian, i.e., a periodic length λ/2 is obtained. Such a picture can be however obtained when both pseudo-magnetic field and electric fields are considered (Fig. 4b of main text) . When a pseudo electric field (i.e., periodic potential energy as considered) is added, the spatial variation of the potential energy gives rise to another feature that redistributes electrons, leading to much more available hole edge states in the local zone of high potential energies whereas the number of hole edge states in the local zone of low potential energies are reduced (see Fig. S4b ). The existence of this electric field and accordingly the corresponding charge redistribution (i.e., inhomogeneous distribution of charges) is further confirmed by DFT calculations (see Fig. S4c ). 
S5: Extreme strain measurement
We estimate strain in our system by comparing Fourier transforms of atomic resolution images taken on unstrained and strained regions (Fig. S6 a, b respectively) . As expected, the unstrained graphene lattice is characterized by hexagonal periodicity with Fourier space peaks (marked by white dashed circles) equidistant from the center, falling on a centered (grey dotted) circle. On the other hand, graphene imaged on the draped region yields a clearly distorted hexagonal lattice, in addition to some superlattice peaks (marked in blue). The deviation in magnitudes of the wavevectors from that of unstrained graphene is used to estimate the strain. Ratios of lattice constants imply strain magnitudes over 10%. This measurement is also consistent with first principle calculations required to reproduce the observed spectra, as discussed in Supplementary sec. 3. Both regions are imaged with the same tip to reduce potential calibration issues. The two regions are also chosen to be close to each other to prevent any non-linearity in piezo expansion.
Previous studies (69) have reported graphene sheets sticking to the STM tips. Such effects are particularly large for micron sized graphene sheets which are free to bend and should not be important for graphene ripples measuring only tens of nanometers and stretched taut under tension. Similar topographic images were obtained with forward and backward motion of the STM tip, proving that the graphene position is not appreciably disturbed by the tip. The forward and backward scans also yielded topographies showing similar strain magnitudes. Increasing the tunneling current by an order of magnitude (~100 pA to ~1nA) did not change the topography, further proving that tip artifacts are negligible in the topography.
We also note that in making measurements from topographies of the draped region, the typical approach to STM analysis of using plane subtraction will, in such a highly sloped region, leads to artificial compression along the draping direction (it is equivalent to projection into a plane parallel to the terraces). Thus we instead rotate the coordinate system in order to properly extract all distances in the draped graphene.
